Introduction
Plants are exposed to various forms of environmental stress such as infections by pathogenic microbes and wounding caused by tissue damage or herbivore. Penetration by pathogenic microbes is one of the most serious environmental insults and can result in the death of infected plants. Wounding also affects the growth and reproduction of plants. To cope with environmental stress, plants have evolved sophisticated defence mechanisms, some unique to individual forms of stress and others more broadly applicable.
Plants have at least two systems to detect pathogens and induce defence responses (Jones and Dangl, 2006) . The first system uses transmembrane pattern recognition receptors that recognize conserved microbial molecules called pathogen-associated molecular patterns and induces basal defence. The second system uses Resistance (R) proteins that sense specific pathogen effectors, also known as avirulence proteins, and induces strong defence responses, which often leads to a rapid localized cell death, called the hypersensitive response (HR) . The induction of these defence responses is partially mediated by phytohormones and signaling molecules such as salicylic acid (SA) and jasmonic acid (JA) whose accumulation is rapidly induced after the recognition of pathogens. SA and JA regulate separate sets of defence responses which are effective against distinct types of pathogens. For example, a SA-responsive pathway is involved in resistance to the biotrophic pathogen Hyaloperonospora arabidopsidis but not to the necrotrophic pathogens Alternaria brassicicola and Botrytis cinerea, and vice versa for the JA-responsive pathway in Arabidopsis (Arabidopsis thaliana) (Thomma et al. 1998) . In contrast to the recognition of pathogens, the accumulation of JA, but not SA, is induced by wounding, leading to specific JA-regulated responses which are effective against herbivore (Koo and Howe 2009). Since unnecessary defence responses are detrimental to plant growth and development, production of SA and JA must be tightly controlled. However, the molecular mechanisms controlling the production of SA and JA are largely unknown.
A growing body of evidence indicates that mitogen-activated protein kinase (MAPK) cascades play an important role in controlling the production of SA and JA. MAPK cascades are components of signal transduction pathways which transduce various extracellular stimuli into intracellular responses, and consist of three interacting kinases, MAPK, MAPK kinase and MAPK kinase kinase (Widmann et al. 1999 , MAPK Group 2002 . The activation of components of MAPK cascades in response to various forms of environmental stress including pathogen attack and wounding has been widely reported.
Genetic evidence has indicated that MAPK cascades are involved in controlling the production of SA and JA. In Arabidopsis, a MAPK cascade consisting of MEKK1, MKK1 and MKK2, and MPK4 has been reported to regulate the accumulation of SA negatively (Petersen et al. 2000 , Ichimura et al. 2006 , Nakagami et al. 2006 , Suarez-Rodriguez et al. 2007 , Gao et al. 2008 , Qiu et al. 2008 ). The Nicotiana attenuata MAPKs NaWIPK and NaSIPK were reported to be required for wound-and herbivore-induced JA accumulation (Wu et al. 2007 ). We have shown that suppression of both WIPK and SIPK, pathogen-and wound-responsive MAPKs, results in not only reduced accumulation of JA, but also the abnormal accumulation of SA by wounding in tobacco (Nicotiana tabacum) (Seo et al. 2007 ). Importantly, SA accumulation is not observed in WIPK/SIPK-suppressed plants without wounding, suggesting that an activator of SA biosynthesis is induced to express by wounding in WIPK/SIPK-suppressed plants. Here, we characterized the molecular mechanisms underlying the abnormal accumulation of SA caused by wounding in WIPK/SIPK-suppressed plants. We show that the expression of many disease resistance-related genes including the R gene and R gene-like genes is induced by wounding prior to the accumulation of SA in WIPK/SIPK-suppressed plants, and induction of the R gene and R gene-like genes might activate the biosynthesis of SA.
Results

Wound-induced accumulation of SA requires de novo protein synthesis
To clarify the mechanisms underlying the wound-induced accumulation of SA in WIPK/SIPK-suppressed plants, first of all, the time course of SA accumulation was investigated. Leaf discs were prepared from the leaves of WIPK/SIPK-suppressed plants and floated on water. Levels of free and conjugated SA (SAG) in the discs were determined. The increase in the levels of SA and SAG was first observed between 12 and 15 hours (h) after wounding (Fig. 1) . Then the levels of SA gradually decreased whereas those of SAG increased, suggesting that SA is rapidly converted to SAG.
As SA accumulated slowly, the requirement of de novo protein synthesis for wound-induced SA accumulation was investigated. As expected, the accumulation of SA was inhibited by cycloheximide (CHX), a potent protein synthesis inhibitor, in a dose-dependent manner (Fig. 2 ), indicating that de novo protein synthesis is required for SA accumulation. Wound-induced increase in the levels of SA was nearly completely suppressed by CHX at a concentration of 300 µM, and as the rate of protein synthesis in leaf discs was reported to be reduced by about 90% within 30 min in the presence of 300 µM CHX (Usami et al. 1995) , 300 µM CHX was used in the subsequent experiments.
Wound-induced accumulation of SA is regulated by complex mechanisms
To clarify the amount of time required for SA to accumulate, leaf discs were floated on water for specific periods and then transferred to CHX (Fig. 3A) . A 4-h-incubation on water was found to be sufficient to induce the accumulation of SA. Unexpectedly, when leaf discs were transferred onto CHX after 6 h or more on water, SA accumulation was enhanced several fold. Since levels of SA peaked when leaf discs were transferred to CHX after floating on water for 9 h or more, in the subsequent experiments, leaf discs were transferred onto CHX after floating on water for 9 h. Wound-induced and CHX-enhanced accumulation of SA was observed in another line of WIPK/SIPK-suppressed plants (Fig. 3B, WS2 ), but not in vector control (V1), WIPK-suppressed (W2) or SIPK-suppressed (S3) plants (Fig. 3C) . And it was dependent on the developmental stage of plants ( Supplementary Fig. S1 ), and affected by light conditions (Supplementary Fig. S2 ). These results ruled out the possibility that it was caused by the introduction of the transformation vector or a toxic effect of CHX.
Temporal and spatial patterns of wound-induced and CHX-enhanced accumulation of SA were investigated next. The temporal pattern of SA accumulation was not significantly affected by CHX; SA accumulation started between 12 and 15 h after wounding, and SA was rapidly converted to SAG, although levels of SA were greatly increased ( Supplementary Fig. S3 ). The spatial pattern of SA accumulation was investigated by separating the center and margins of the leaf discs. When the discs were floated on water throughout, the majority of SA was synthesized in the wounded margins of the discs (Fig. 4A, upper) . In clear contrast, most of the SA was observed in the undamaged center when the leaf discs were transferred to CHX after floating on water for 9 h (Fig. 4A, lower) . These results suggested that the activator of SA biosynthesis was primarily generated at the wounded site and transferred to the undamaged center especially when leaf discs were transferred onto CHX after floating on water, and that protein synthesis was inhibited by CHX only at the margins, probably because CHX did not infiltrate the center. To test this notion directly, CHX was introduced into the center of leaf discs by syringe when they were transferred from water to CHX. As expected, SA accumulation was no longer enhanced by CHX; rather it was completely suppressed, suggesting that the genes involved in SA accumulation are highly expressed in the center of leaf discs (Fig. 4B) . In subsequent experiments, leaf discs transferred to CHX after floating on water for 9 h were used, because very high levels of SA and the strong expression of genes involved in SA biosynthesis were expected under these conditions.
Identification of the genes up-regulated in WIPK/SIPK-suppressed plants by microarray analysis
To identify genes involved in SA accumulation, transcripts which are up-regulated in WIPK/SIPK-suppressed plants were searched for using a microarray. As SA-responsive genes would account for the majority of transcripts up-regulated in WIPK/SIPK-suppressed plants after the induction of SA, total RNA was extracted from leaf discs which were floated on water for 9 h and then on CHX for a total of 12 h, at which time the amount of SA is close to the basal level ( Supplementary Fig. S3 ). The analysis was performed using an Agilent Tobacco Oligo Microarray (021113) on which 43,759 oligo nucleotides probes are set. As a result, 71 probes targeting 60 genes showed more than a 5-fold increase in WIPK/SIPK-suppressed plants compared with control plants (Supplementary Table S1 Table S3 ). Approximately one-third of the target genes were of unknown function, and were excluded from the subsequent analyses. Among the remaining genes, about half were those involved in disease resistance and separated into three groups (Supplementary Table S3 ). The first group consisted of R gene-related genes including the N gene, an R gene conferring resistance to Tobacco mosaic virus (TMV) (Whitham et al. 1994) , three R gene-like genes, of which two were of the nucleotide-binding leucine-rich repeat (NLR)-type and one was of the extracellular leucine-rich repeat type, and NDR1, a critical component of R gene signaling (Century et al. 1995) . The second group consisted of HR-related genes (HIR1, PR10a, NG1 and HSR201) whose transcripts are expressed in cells undergoing HR (Czernic et al. 1996) . NG1 and pepper homologs of HIR1 and PR10a have been reported to induce HR-like cell death when over-expressed (Karrer et al. 1998 , Jung and Hwang 2007 , Choi et al. 2012 Fig. S3 and data not shown).
Since there are many N gene-like genes in tobacco (Whitham et al. 1994 , Gao et al. 2007 ), the specificity of the primers for the N gene was confirmed with RNA extracted from tobacco cultivar Samsun nn which lacks the N gene. The primers were highly specific to the N gene; signal levels with RNA from Samsun nn were under the detectable limit ( Supplementary Fig. S4A ). Recently, it was reported that transcript SA mainly accumulated in the center of leaf discs when the discs were transferred onto CHX after floating on water (Fig. 4A) . To check the correlation between SA levels and transcript levels, transcript levels in the center and margins of leaf discs were quantified by qRT-PCR. The earliest genes, whose expression peaked at 12 h after wounding ( Fig. 6 ), were preferentially analyzed. As shown in Fig. 7 , transcript levels of the N gene and R gene-like genes except for NLR (28) correlated with SA levels, which were higher in the center, but lower in the margins of leaf discs from WIPK/SIPK-suppressed plants. In contrast, transcript levels of the remaining earliest genes and some of the late induced genes showed no clear correlation with SA levels . Wound-induced SA accumulation was also observed not only at the wounded site (margin of leaf discs), but also in the distal unwounded part (center of leaf discs), especially when leaf discs were transferred onto CHX after floating on water ( Fig.   4A ). Collectively, these results suggest that activators of SA biosynthesis are primarily generated in wounded areas and then transferred to the unwounded parts in leaf discs.
The accumulation of SA, however, is unwanted and so plants repress the production and movement of activators once they have recognized the induction of SA biosynthesis.
When the leaf discs were transferred to CHX after floating on water, the production of Levels of SA induced by wounding in the absence of CHX were much lower than those induced by the recognition of TMV by the N gene, which reached ~10,000 ng/g fresh weight (Figs. 1, 2 ). On the other hand, levels of wound-induced and CHX-enhanced SA production were high, especially in the undamaged parts of leaf discs, values being close to levels induced by the recognition of TMV by the N protein (Fig. 4A) . Moreover, the temporal pattern of wound-induced and CHX-enhanced SA accumulation was tightly controlled with a sharp peak at 15 h after wounding ( Supplementary Fig. S3 ). This experimental system enabled us to identify genes 
Wounding and chemical treatments
Discs were excised from the leaves using a cork borer (diameter 10 mm). The leaf discs were floated on water or CHX at the concentrations indicated, and incubated at 25˚C in the dark, unless otherwise stated. To separate the center and margins of the leaf discs, the center was punched out with a cork borer (diameter 5.5 mm). For infiltration, the center of the leaf discs was infiltrated with water or CHX using a syringe without a needle.
For GDA treatment, excised discs were infiltrated with GDA at the concentrations indicated or 0.2% DMSO as a control, floated on the same solution, and incubated at 25˚C in the dark.
For MeJA treatment, excised discs were floated on MeJA at the concentrations indicated or 0.1% DMSO as a control, and incubated at 25˚C in the dark.
SA measurement
The extraction and quantification of SA and SAG were performed as described previously (Seo et al. 1995) . Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J., Jones, J.D.G., Felix, G. et al. (2004) Bacterial disease resistance in Arabidopsis through flagellin perception. Nature 428:
RNA extraction, microarray analysis and qRT-PCR analysis
764-767. The data represent the means and SD of qRT-PCR analysis with three biological replicates c Asterisks indicate a significant difference between V1 and WS3: **p < 0.01, *p < 0.05 d The data which do not coincide with the microarray analysis are indicated in red a Categorized according to Bevan et al. (1998) . 1, cell growth division; 2, cell structure; 3, disease/defence; 4, energy; 5, intracellular traffic; 6, metabolism; 7, protein destination and storage; 8, protein synthesis; 9, secondary metabolism; 10, signal transduction; 11, transcription; 12, transporters; 13, unknown 
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